ABSTRACT: Type 1 diabetes (T1D) is a T cell-mediated autoimmune disease. Insulin seems to be a critical antigen recognized by autoreactive T cells. In this study, we performed T cell epitope mapping of insulin using serial overlapping peptides in Japanese patients with T1D. Serial overlapping insulin peptides comprising 23 peptides, which were each 15-amino acid long, were prepared based on insulin sequence. Cytokine secretion from peripheral T cells against these peptides was studied by enzyme-linked immunospot (ELISPOT) assay in 18 patients with recent-onset T1D and 12 patients with established T1D, and compared with 17 healthy control subjects. In ELISPOT assay, IFN-␥-secreting T cells, but not IL-4, against several insulin peptides were observed in 77.8% of patients with recent-onset T1D, 50.0% of patients with established T1D, and 0% of healthy control subjects. All epitopes recognized by T cells were identified in the B-chain of insulin. The most frequent epitope existed at the B10 -24 region (9/18), followed by B1-15 and B11-25 regions (6/18, each), with B4 -18, B9 -23, and B12-26 identified in some patients. These data did not correlate with insulin autoantibodies or HLA-DRB1 of the patients. This is the first report of T cell epitope mapping using one amino acid serial overlapping peptides of insulin in T1D. ELISPOT assay revealed the frequent existence of insulin peptide-specific T cells in patients with recent-onset and established T1D. The T cell epitopes of insulin were similar but not identical in our cohort, which probably explains the difficulty encountered in prevention of human T1D by using insulin. (Pediatr Res 59: [445][446][447][448][449][450] 2006) 
I n type 1 diabetes (T1D), T cells are thought to be involved in the destruction of pancreatic beta cells (1) . However, it is impossible to prove the direct role of T cells in human T1D. There is sufficient evidence for the direct role of T cells in the destruction of pancreatic beta cells in studies using a mouse model of nonobese diabetes (NOD) (2) (3) (4) . In this model, T cell clones derived from mice with experimentally-induced insulitis can induce beta cell destruction both in vitro and in vivo.
Insulin, GAD, and insulinoma-associated tyrosine phosphatase-like protein-2 (IA-2) are considered major autoantigens based on research on autoantibodies (1) . Interestingly, several studies have reported the detection of autoreactive T cells against the same antigens (5). Among these autoantigens, insulin is the only pancreatic beta cell-specific protein and may be important. The majority of T cells infiltrating beta cells in NOD mice recognize insulin (6) . Moreover, in this model, intranasal, s.c., aerosol, or oral administration of insulin provides protection against pancreatic beta cell damage (7, 8) . It has been recently reported that insulin prophylaxis against human T1D fails to provide such protection (9) . The administered dose of insulin or selection of prediabetic subjects might account for this failure. Further studies are required to determine the role of insulin in human T1D. The purpose of the present study was to determine the quantity and quality of frequency of insulin-specific T cells and to analyze their epitopes.
The enzyme-linked immunospot (ELISPOT) assay is a sensitive tool for detecting antigen-specific T cells. We previously developed an immunoglobulin-free ELISPOT assay, which had a low background, and reported that this method could detect GAD-specific T cells in human T1D (10, 11) . In this report, ELISPOT assay was performed using serial overlapping insulin peptides in Japanese patients with T1D.
METHODS

Subjects.
The study protocol was approved by the Human Ethics Review Committee of Osaka City University Graduate School of Medicine. Informed consent was obtained from the parents of 18 patients with recent-onset juvenile T1D (8 males aged 4 -15 y and 10 females aged 4 -15 y; mean age, 8.8 Ϯ 3.5 y, Ϯ SD), 12 patients with established juvenile T1D (4 males aged 5-15 y and 8 females aged 3-15 y; mean age, 10.8 Ϯ 4.2 y), and 17 healthy control subjects (7 males aged 3-16 y and 10 females aged 0 -15 y; mean age, 7.9 Ϯ 5.0 y) (Tables 1-3) . Patients were considered to have recent-onset juvenile T1D when insulin treatment commenced within 2 wk before enrollment in the present study. The criteria used for the diagnosis for T1D were diabetic ketosis and ketoacidosis, polyuria, polydipsia, and weight loss, followed by assessment of serum autoantibody levels. Healthy control subjects were matched with MHC and age of recent-onset of patients as much as possible.
Antibodies. Serum antibodies to GAD and IA-2 were measured by the Cosmic GAD antibody RIA kit (Cosmic, Tokyo, Japan) and the IA-2 immunoprecipitation assay kit (Cosmic), respectively (12, 13) . The normal ranges of GAD and IA-2 antibodies determined in healthy Japanese blood donors are Ͻ1.5 units/mL and Ͻ0.4 units/mL, respectively. Insulin autoantibody (IAA) and insulin antibody (IA) were assayed with the liquid-phase radio-binding assay, as described previously (14) . The results were expressed as nanounits band insulin specifically precipitated per ml of serum (n units/mL). The mean ϩ 3 SD of 404 healthy subjects, 200 n units/mL, was used to define the normal range. IA induced by insulin administration could not be distinguished from IAA.
HLA typing. HLA typing of DRB1* alleles was performed using a locus-specific PCR amplification procedure as described previously by Erlich et al. (15) .
Peptide synthesis and antigens. Serial overlapping peptides based on insulin sequence were synthesized by using the Multipin TM peptide system (Mimotopes, Victoria, Australia): 7 peptides from the A chain of insulin and 16 peptides from the B chain of insulin, which were each 15-amino acid long (Table 4 ). Recombinant human insulin was obtained from Sigma Chemical Co.-Aldrich (Tokyo, Japan). Phytohemagglutinin (PHA) was purchased from Wako Chemicals (Osaka, Japan) and purified protein derivative (PPD) of Mycobacterium tuberculosis was obtained from Nippon BCG (Tokyo).
Isolation of peripheral blood mononuclear cells and culture medium. Heparinized peripheral blood samples withdrawn from the subjects were assayed within 3 h of collection. Peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation through Lymphocyte Separation Medium (ICN Biomedicals, Inc., Aurora, OH). The isolated lymphocytes were cultured in RPMI 1640 medium supplemented with 10% heatinactivated human AB serum, 2 mM of L-glutamine, 100 g/mL of streptomycin, 100 U/mL of penicillin, 1 mM of sodium pyruvate, and 5 ϫ 10 Ϫ5 M of ␤-mercaptoethanol (hereafter designated complete medium [CM] ). The human type AB serum was filtered through the Cellulose Easter Membrane (Spectrum Medical Industries Inc., Houston, TX) to remove substances with molecular weight Ͼ100,000 including immunoglobulins, resulting in the presence of less than 2 g/mL total IgG.
Cell proliferation assay. Freshly isolated PBMCs were cultured at 2 ϫ 10 5 /well in 96-well round-bottom plates (Costar; Corning Inc., Corning, NY) with one of various stimulants added to each well at 37°C, 5% CO 2 atmosphere in 200 L of CM. In this study, the antigens were used at the following final concentrations: 20 M insulin peptides, 10 g/mL whole insulin, 1 g/mL PPD, 10 g/mL PHA or free of antigens. After 6-d culture (except 3 d for PHA), each well was pulsed with 1 Ci tritiated thymidine ([3H]; sp.
act. 68 Ci/mmol; ICN Biomedicals, Inc., Irvine, CA) for the final 15 h. The cells were then harvested and the radioactivity was measured by a microplate reader (1450 Micro Beta Trirux; Wallac Oy). All measurements were conducted in triplicates and the results were expressed as the stimulation index (SI), which represented the mean cpm in the presence of antigen/mean cpm in the absence of the antigen. A positive response was defined as an SI Ն3.
ELISPOT assay. The ELISPOT assay was performed as described previously (10, 11) . Briefly, nitrocellulose-bottomed 96-well microtiter plates were coated with 15 g/mL of either mouse anti-human IFN-␥ MAb (MAb) (1-DIK, Mabtech AB, Stockholm, Sweden) or mouse anti-human IL-4 MAb (IL-4-I, Mabtech AB) in sterile PBS overnight at 4°C. Unbound antibodies were removed by washing 6 times with sterile PBS. Aliquots of 2 ϫ 10 5 PBMCs per well were incubated in MAb-coated plates with 20 M insulin peptides, 10 g/mL whole insulin, 1 g/mL PPD, 10 g/mL PHA, or wells free of antigens and stimulants. After 40 h of incubation at 37°C, 5% CO 2 and washing, 1 g/mL of biotinconjugated anti-cytokine MAb (7-B6-1 for IFN-␥ and IL4-II for IL-4) was added to each well and incubated for 3 h at room temperature followed by 1-hincubation after adding streptavidin conjugated with alkaline phosphatase. Finally, BCIP/NBT substrate solution (Bio-Rad Laboratories, Richmond, CA) was added, kept for 15-25 min until a color change was noted, and then washed to stop the reaction. Spots were counted using an National Institutes of Health imager with a CCD camera, and data were expressed as mean values of triplicate determinations for each antigen and lymphocyte concentration. The number of spots obtained as a result of antigen stimulation was determined as [(mean number of spots in the presence of antigen) Ϫ (mean number of spots without stimulation)] and referred to here as "antigen-stimulated." When the number of spots was greater than the mean ϩ 3 SD of the controls, it was considered a positive response. Background represented the number of spots without stimulation. To exclude those responses influenced by the high background, the response that was less than two times lower than the background was considered negative regardless of the cut-off value. In this study, we applied the immunoglobulin-free ELISPOT assay to detect antigen-specific T cells (10, 11) . In this method, the background is minimum. The mean numbers of IFN-␥ and IL-4 spots in wells containing only T cells were 0.28 Ϯ 0.38 and 0.24 Ϯ 0.58 per 2 ϫ 10 5 PBMCs, respectively.
Statistical analysis. For the proliferation and ELISPOT assay, the results of two groups were compared using the Mann-Whitney U test, while the results of three groups were compared with the Kruskal-Wallis test. Spearman's correlation coefficient was used when comparing two nonparametric variables. The 2 test was used to compare the proportion of T cells among the groups. For cases in which the expected values were Ͻ5, the Fisher's exact test was used. One-way factorial ANOVA and multiple comparison tests were used to compare the ranges of the proliferative responses and the reaction in ELISPOT assay to positive controls (PPD and PHA) among the groups. All data are expressed as mean Ϯ SD. P values Ͻ0.05 were deemed statistically significant. 
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RESULTS
Patients' profiles and HLA typing. The clinical characteristics of all subjects are listed in Tables 1-3 . DRB1*0405, DRB1*0802, and DRB1*0901, which represent the diabetes susceptible haplotypes in Japanese T1D (16) . were identified in 16/18 patients with recent-onset T1D and 11/12 patients with established T1D. DRB1*1502, which is one of the protective haplotypes, was identified in 1/18 patient with recent-onset T1D. In the healthy control subjects, 1 of 17 had the protective haplotype of DRB1*1501, and 15 of 17 had susceptible haplotypes, similar to recent-onsets T1D.
IAA, GAD and IA-2 antibodies were positive in 6/16 (37.5%), 12/18 (66.7%), and 12/15 (80.0%) of the tested patients with recent-onset T1D, respectively. In comparison, IA and GAD antibodies were positive in 9/12 (75.0%) and 7/12 (58.3%) of the tested patients with established T1D. None of the control subjects was positive for these autoantibodies.
PBMCs proliferation in the presence of medium alone, PHA, and PPD. Cell proliferation in stimulant-free media was similar in recent-onset T1D, established T1D, and control (Table 5 ). PHA and PPD were used as positive control. A high proliferative response to PHA was observed in both patient groups and the control (Table 5 ) and no significant difference in the response to PHA was observed among the three groups. There was no significant difference in the response to PPD among the three groups (SI range; 1.6 -77.3, Table 5 ).
T cell proliferation response to whole insulin and serial overlapping insulin peptides. No T cell proliferation response to whole insulin was observed in patients with recent-onset and established T1D as well as the control group (SI; 0.89 Ϯ 0.20, 1.08 Ϯ 0.25, and 0.87 Ϯ 0.23, p ϭ 0.16, respectively). The SIs of T cell proliferation responses to the serial overlapping insulin peptides of the A chain of insulin were less than 3 in all subjects. Furthermore, 2/12 patients (P2 responded to B10 -24, P14 responded to B10 -24 and B11-25) with recent- onset T1D showed positive T cell proliferation against certain insulin peptides of the insulin B chain, whereas no positive response was noted in patients with established T1D and in the healthy control subjects. PHA and PPD stimulation in the ELISPOT assay. In the ELISPOT assay, PHA and PPD were used as positive control antigens. PHA stimulation generated large numbers of IFN-␥ (Ͼ100/well) and IL-4 (Ͼ100/well) spots in all three groups of subjects. No difference was observed among the responses of the three groups. Stimulation with PPD resulted in a variable number of IFN-␥ spots (0 -70 per 2 ϫ 10 5 PBMCs, Table 5 ), whereas no IL-4 spots were detected in any of the three groups.
Table 4. Amino acid sequences of insulin peptides
A chain: G-I-V-E-Q-C-C-T-S-I-C-S-L-Y-Q-L-E-N-Y-C-N Peptides
B chain: F-V-N-Q-H-L-C-G-S-H-L-V-E-A-L-Y-L-V-C-G-E-R-G-F-F-Y-T-P-K-T
Overlapping insulin peptides-reactive T cells in the ELISPOT assay. In the IL-4 ELISPOT assay, no positive spots against all overlapping insulin peptides were observed in all subjects. On the other hand, the IFN-␥ ELISPOT assay showed positive spots against overlapping peptides of the insulin B chain. Positive IFN-␥ spots were detected in 77.8% (14/18) of patients with recent-onset T1D, 50.0% (6/12) of patients with established T1D, and 0% (0/17) of healthy control subjects (Fig. 1) . Figure 2 Correlation between results of ELISPOT assay and data of HLA typing and antibodies. Among the recent-onset T1D patients who had at least one of the susceptible HLA haplotypes, such as DRB1*0405, DRB1*0802, and DRB1*0901, 75.0% patients were positive in the insulin peptide stimulated ELISPOT assay, including one patient who had resistant HLA DRB1*1502. Therefore, neither positive nor negative effect of 
448
HLA haplotypes was observed as a result of insulin peptide stimulated ELISPOT assay. Five patients (55.6%) among 9 recent-onset T1D patients who showed B10 epitope, had DRB1*0405 most frequently. However, there was no statistical correlation between the epitope region and HLA haplotypes. Among six patients with recent-onset T1D who were positive in IAA, 5 (83.3%) showed a positive spot in peptide stimulated ELISPOT assay. Eight patients (80.0%) among 10 with recent-onset T1D and negative IAA also showed positive in ELISPOT assay. Therefore, there was no significant correlation between the results of ELISPOT assay and IAA. Similarly, IA, GAD antibody, and IA-2 did not correlate with the results of ELISPOT assay.
DISCUSSION
In the present study, we first described the clinical features of young Japanese patients with T1D because there are known differences between Japanese T1D and Caucasian T1D. (17) The incidence of Japanese T1D is much lower than that in Caucasians (18) . The disease susceptibility HLA haplotypes in Japanese T1D are different from that in Caucasians (16) . In the present study, only three of 30 patients with T1D did not have the susceptible type of DRB1 gene and the prevalence rates of the three major autoantibodies were similar to those reported in previous studies (19) . Therefore, the subjects examined in our study were considered representative of Japanese patients with T1D. Healthy control subjects in this study were matched with MHC of T1D subjects.
T cell proliferation against whole insulin in the peripheral blood of T1D subjects is very difficult (20) . In the present study, T cells significantly responded to the insulin sequencebased peptides but not to whole insulin. One possibility is that the biologic effect of whole insulin on cultured cells may affect the assay in vitro. Alternatively, the processed portion of insulin by antigen presenting cells might not be effective to reveal antigenic sequences recognized by T cells. The proliferation assay used for detecting antigen-specific T cells was reported to be less sensitive than ELISPOT assay (21) . Several recent studies adopted the ELISPOT assay for detection of autoreactive T cells in T1D (10, 11, 22, 23) . In our study, ELISPOT assay using overlapping insulin peptides detected autoimmune reactions against insulin in recent-onset T1D (77.8%) as well as the autoantibodies. The response in ELISPOT assay does not just depend on hyperactivity, because there are no differences in the reactions to PHA and PPD between T1D and healthy control subjects. These T cell responses to insulin peptides are not likely to be due to insulin therapy because all patients with recent-onset T1D were examined within 2 wk of commencement of insulin therapy. In particular, six of 18 patients (P3, P4, P7, P9, P11, P13) were tested just before insulin therapy and they had positive ELISPOT assay. In this regard, in none of the patients did a negative test change to a positive test at repeated assays during the course of insulin therapy.
Previous studies reported an inverse relationship between cellular and humoral responses to autoantigens (20, 24, 25) . However, among patients with recent-onset T1D, we did not find any relationship among HLA haplotypes, IAA, GAD antibodies, and IA-2 antibodies. The difference between the studies is probably due to the high sensitivity of ELISPOT assay or the relatively lower titer of IAA.
In addition, among our 12 patients with established T1D, 6 (50%) were positive against insulin peptides according to ELISPOT assay. These results suggest that the ELISPOT assay is the most positive in patients with short disease duration and still detects a positive response after longer duration. Furthermore, the positive regions of both diabetic groups were similar implying that memory T cells remain in peripheral blood several years after the development of T1D.
No positive response in ELISPOT assay against insulin peptides was observed in healthy control subjects who had T1D susceptible MHC haplotypes. Therefore, positive response in T1D was not likely to be due to T1D susceptible MHC.
Several studies have focused on T cell epitope of insulin and preproinsulin peptides in Caucasian T1D patients. For the assay of CD4 ϩ and CD8 ϩ T cells, 8 -11 and 12-16 amino acid long peptides, respectively, were usually applied. Some groups reported several CD8 ϩ T cell epitopes (26, 27) . Although we did not rule out CD8 ϩ response in our assay, we focused on 15-amino acid long peptides in our study. Among the 12-16 amino acid long peptides, the epitopes of B9 -23, B20 -C4, and B24 -C36 were reported to be detected by peripheral T cells (22, 28, 29) . Furthermore, B11-27 and C5-20 were recognized by T cell clones (30, 31) . Recent studies reported that T cell clone established from pancreatic lymph nodes recognized a particular epitope A1-15 (32) . In particular, B9 -23 was considered the main epitope of T cells both in mouse and human T1D. However, in the present study, B10 -24 epitope was observed much more frequently than B9 -23 epitope. This might be just because no study has previously applied B10 -24 peptides in T cell epitope research. . When the number of spots was greater than the mean ϩ 3 SD of the controls, it was considered a positive response. To exclude that the response was influenced by the high background, the response that was less than two times lower than the background was considered negative regardless of the cut-off value. Only positive responses are shown as grey bars with numbers, which indicate the number of spots. All subjects of the control group showed negative responses to all prepared peptides.
T CELL EPITOPE IN TYPE 1 DIABETES
Otherwise, differences in the disease susceptible HLA class II between Japanese and Caucasians may explain this finding. Furthermore, several previous studies have tried T cell epitope mapping of insulin in T1D using serial peptides. However, in those studies several amino acids were changed among serial peptides. Therefore, this is the first report of human T cell epitope mapping in T1D using complete series of overlapping peptides of insulin. Our study revealed that the epitope regions of insulin exist at three regions near the B1, B4, and B10 regions and the epitopes varied in each individual patient. Interestingly, peptides with only one amino acid difference induced different results in the same patient. Recent studies have clearly suggested that T cells show different types of activation in recognition of altered ligands for T cell receptors (33) . Yokomizo and colleagues (34) showed previously that human CD4 ϩ helper T cell clones responded to altered peptides, in which a single residue was altered, following the secretion of different cytokines. Another study showed that two peptides that were otherwise identical apart from a single amino acid induced different types of T cells; one was T helper 1, while the other was T helper 2 (35) . Thus, it seems that even a single amino acid difference is critical for T cell recognition and reaction. Taken together, the various T cell epitopes in each patient might at least in part correlate with the heterogeneity of this disease, and may also explain the failure of the insulin prevention trial (9) .
In this study, we could not apply assays that use isolated T cells but PMBC, because different types of peptides were examined simultaneously. Therefore, for characterizing responding T cells, further studies, such as blocking assay or cloning T cells, are needed.
